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Summary
Spatially and temporally choreographed cell cycles
accompany the differentiation of the Drosophila ret-
ina. The extracellular signals that control these pat-
terns have been identified through mosaic analysis of
mutations in signal transduction pathways. All cells
arrest in G1 prior to the start of neurogenesis. Arrest
depends on Dpp and Hh, acting redundantly. Most
cells then go through a synchronous round of cell
division before fate specification and terminal cell cy-
cle exit. Cell cycle entry is induced by Notch signaling
and opposed in subsets of cells by EGF receptor ac-
tivity. Unusually, Cyclin E levels are not limiting for
retinal cell cycles. Rbf/E2F and the Cyclin E antago-
nist Dacapo are important, however. All retinal cells,
including the postmitotic photoreceptor neurons,
continue dividing when rbf and dacapo are mutated
simultaneously. These studies identify the specific
extracellular signals that pattern the retinal cell cy-
cles and show how differentiation can be uncoupled
from cell cycle exit.
Introduction
In multicellular animals, growth and proliferation are
regulated by extracellular signals. Growth signals may
act locally or systemically. It is thought that signals may
act directly on the cell cycle, as reported for cultured
Schwann cells (Conlon et al., 2001), or stimulate prolif-
eration indirectly as a consequence of cellular growth,
as observed for growing wing imaginal discs from Dro-
sophila (Weigmann et al., 1997; Neufeld et al., 1998). In
order to account for proliferation patterns in terms of
growth factor synthesis and spread, we sought to iden-
tify the extracellular signals that pattern proliferation in
the developing Drosophila eye.
Striking cell cycle patterns occur in eye-antennal
imaginal discs, the epithelia that give rise to the eyes
in metamorphosis (Figure 1) (Wolff and Ready, 1993).
Unpatterned proliferation ends as a “morphogenetic
furrow” moves from posterior to anterior across the eye
disc and differentiation of retinal cells begins. All cells
arrest in G1 phase just ahead of the morphogenetic fur-
row (Figure 1) (Thomas et al., 1994). After the furrow,
most cells synchronously reenter the cell cycle in a “sec-
ond mitotic wave” (SMW) (Figure 1).
The role of the SMW is to expand the population of
unspecified cells available for postmitotic fate specifi-
cation. Fourteen of the nineteen retinal precursor cells*Correspondence: nbaker@aecom.yu.edualways derive from SMW divisions. Five cell types that
are already differentiating do not cycle in the SMW
(Wolff and Ready, 1993). Differentiation and mainte-
nance in G1 depends on activity of the proneural gene
atonal in R8 cell precursors or of the EGFR pathway in
R2, R3, R4, and R5 cell precursors (Jarman et al., 1995;
Baker and Yu, 2001). The SMW does not play any deter-
minative role itself (de Nooij and Hariharan, 1995).
The SMW provides unspecified precursor cells to
each ommatidium (repeat unit of the compound eye).
Local control depends on short-range signals from R8
and R2–R5 cells that activate EGFR to permit mitosis
of nearby G2 phase cells (Baker and Yu, 2001). Unlike
the SMW, unpatterned proliferation ahead of the furrow
affects the size of the eye and the number of ommatidia
that can be formed (Baker, 2001; Neufeld and Hari-
haran, 2002).
Neither G1 arrest ahead of the furrow nor synchro-
nized S phase entry in the SMW can depend on short-
range ommatidial signals, because they can occur in
regions devoid of ommatidia (Jarman et al., 1995; Baker
and Yu, 2001). G1 arrest and cell cycle reentry could
depend on the longer-range signals that drive morpho-
genetic furrow progression across the eye. Hh, the
BMP ligand Dpp, and N signaling each participate in
this (Ma et al., 1993; Heberlein et al., 1993; Baker and Yu,
1997; Greenwood and Struhl, 1999; Curtiss and Mlodzik,
2000; Baonza and Freeman, 2001; Fu and Baker, 2003).
One or another could control cell cycles directly, in addi-
tion to inducing retinal cell specification and differentia-
tion. Alternatively, additional signals might regulate the
cell cycle. If such signals were released from the dif-
ferentiating retina, they might depend on Hh, Dpp, or N
indirectly, because the latter drive furrow progression
and differentiation. Finally, some cell cycle features
might not require specific extracellular triggers. For ex-
ample, synchronized S phase entry in the SMW might
be a consequence of autonomous cellular growth fol-
lowing synchronous G1 arrest ahead of the furrow.
Prior work shows that the timing of cell cycle arrest
ahead of the morphogenetic furrow depends on Dpp
signaling, because cells unable to respond to Dpp ar-
rest late (Penton et al., 1997; Horsfield et al., 1998). It
has been proposed that cell cycle reentry in the SMW
depends on Hh (Duman-Scheel et al., 2002). This con-
clusion is called into question by the finding that clones
of cells deleted for ci, encoding the transcription factor
regulated by Hh, develop into normal retina (Pappu et
al., 2003; Fu and Baker, 2003).
We investigated what signals pattern the cell cycle
through study of clones of cells mutant for the ci, Mad,
and Su(H) genes in mosaic eye discs. Ci, Mad, and
Su(H) are transcription factors essential for Hh, Dpp,
and canonical N signaling, respectively (Barolo and Po-
sakony, 2002). Comparisons of cell cycle behavior in
single, double, and triple mutant combinations uncover
any possible redundant, overlapping, or synergistic
roles. Effects that occur cell autonomously at mosaic
boundaries distinguish direct effects from indirect con-
sequences mediated by further intercellular signals.
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Figure 1. Cell Cycle Patterns in the Developing Eye
D
(A–D) The epithelium of an eye imaginal disc from the third instar
cis shown; anterior is to the left. Cells cycle asynchronously in the
nanterior of the eye disc (left). As the morphogenetic furrow ap-
vproaches, cells arrest in G1 (white bar). After 15–20 hr, most cells
enter S phase and then divide in the SMW (arrow). Groups of five
differentiating cells (R2, R3, R4, R5, and R8) remain in G1 (e.g., t
arrowhead in [C]). (A and B) BrdU incorporation occurs during S G
phase (green in [A]). (A and C) Cyclin B accumulates once cells
uenter S phase and is degraded in mitosis (red in [A]) (Evans et al.,
o1983; Amon et al., 1994; Thomas et al., 1994). (A and D) Histone H3
sis phosphorylated during mitosis (light blue in [A]).
l
t
wUsing this systematic approach, we report that cell
tcycle patterning depends directly on known signaling
Mpathways, and we define the necessary and sufficient
ofunctions of each. Dpp promotes G1 arrest ahead of
rthe furrow in conjunction with Hh, which also arrests
Dcells that cannot respond to Dpp. N signaling is neces-
sary and sufficient for S phase entry into the SMW (the
effect of Hh on S phase entry reported previously is N
indirect). EGFR opposes N in R2, R3, R4, and R5 cells
T
that do not enter the SMW. Unusually, the decision to
u
enter S phase in the SMW or to remain in G1 was not
W
regulated at the level of Cyclin E transcription. Cell cy-
t
cle quiescence depended on the CDI dacapo and Rbf
m
together, implicating Cyclin E and Rbf activities in cell
t
cycle withdrawal during retinal differentiation.
t
cResults
(
wSignals from the Posterior Retina Pattern
the Cell Cycle a
cArrest and patterning of eye disc cell cycles had to de-
pend on one or more of Hh, Dpp, or N signaling, be- N
scause cells simultaneously mutant for Mad, ci, and
Su(H) continued proliferating instead of arresting in G1 d
fahead of the morphogenetic furrow (Figure 2). Evidence
for cycling of mutant cells included S phase BrdU incor- f
tporation, mitotic phosphorylation of histone H3, andccumulation of Cyclin B protein (Figures 2A and 2B).
ecause the effects were cell autonomous, these data
how that the Hh, Dpp or N pathways pattern the eye
isc cell cycles, not secondary signals released as a
onsequence of differentiation in response to the Hh,
PP, or N pathways.
h and Dpp Arrest Cells in G1
henotypes of cells mutant for all different combina-
ions of Mad, ci, or Su(H) showed that G1 arrest de-
ended on redundant Hh and Dpp signals, because
nly cells null for both Mad and ci continued proliferat-
ng (Figures 2C and 2D). Mutations in Su(H) had no au-
onomous effect on G1 arrest, showing that N signaling
as not involved (data not shown).
Either Hh or Dpp signaling was sufficient for G1 ar-
est, although both together were required for normal
iming. G1 arrest was delayed in Mad null cells (or in
ad Su(H) cells), as seen previously for other geno-
ypes that reduce Dpp signaling (Figure 2E) (Penton et
l., 1997; Horsfield et al., 1998). Some cells did not ar-
est at all in larger Mad clones, suggesting that the Hh
annot reach all of the Mad null cells (Figure 2F). Intact
pp signaling established G1 arrest almost normally in
i null cells (Figure 2G). These data show that Hh sig-
aling could arrest cells unable to respond to Dpp, and
ice versa.
Hh as well as Dpp signaling contributed to the initia-
ion of the G1 arrest at the normal time. In ci null cells,
1 arrest was slightly but reproducibly precocious (Fig-
re 2G). By contrast, G1 arrest was often delayed by
ne or two cell diameters in cells mutant for the Hh
ignaling component smo (Figure 2H). Whereas ci cells
ack the processed Ci75 protein, which is a transcrip-
ional repressor, as well as the full-length Ci155 protein,
hich mediates Hh-dependent transcriptional activa-
ion, smo cells accumulate Ci75 only (Ingham and
cMahon, 2001). The data indicate that Ci75 delays the
nset of G1 arrest and that Hh acts through smo to
elieve this delay and arrest the cell cycle along with
pp signals.
Signaling Drives Cell Cycle Reentry in the SMW
he basis for cell cycle reentry had to be studied by
sing genotypes in which a G1 arrest occurred first.
hen the hypomorphic Mad1-2 mutation was substi-
uted for the Mad null allele, clones of Mad1-2 Su(H) ci
utant cells arrested in G1 after a severe delay, but
hey never entered the SMW (Figures 3A and 3B).
Entering the SMW depended on N signaling. Of the
hree double mutant combinations, cell cycle entry oc-
urred only in Mad1-2 ci, not in Su(H) ci or Su(H) Mad1-2
Figures 3C and 3D and data not shown). S phases
ere not observed in Su(H) mutant cells (Figures 3E
nd 3F), but they did occur in ci or Mad1-2 or Mad null
ells (Figures 2E, 2F, and 4A and data not shown). Thus,
signaling was necessary for cell cycle entry and was
ufficient even when responses to Hh and Dpp were
efective. S phase entry did not simply reflect failure of
ate specification, becauseMad1-2 Su(H) cimutant cells
ailed to enter S phase (Figures 3A and 3B) although
hey remained undifferentiated (Fu and Baker, 2003).
N, Dpp, and Hh Regulate Drosophila Eye Cell Cycles
543Figure 2. Dpp and Hh Signaling Arrest Cells in G1
Clones of homozygous mutant cells are identified by a lack of either Ci155 (magenta in [A], [C], [D]; blue in [B]) or β-gal (magenta in [E]–[H]).
Wild-type cells arrest in G1 anterior to the morphogenetic furrow (white bar). Mad12 Su(H) ci cells, which cannot respond to Dpp, Hh, and N,
continue to cycle. They retain (A) Cyclin B, incorporate BrdU (green in [B]), and undergo mitosis (red in [B]). Mad12 ci cells unable to respond
to Dpp and Hh also cycle. They retain (C) Cyclin B and incorporate (D) BrdU (arrows). (E) G1 arrest of Mad12 mutant cells delays G1 arrest
(arrow). (F) Some cells within a large Mad12 clone never arrest (arrow). (G) ci mutant cells arrest slightly earlier than their wild-type neighbors.
Arrows indicate the boundary between ci and wild-type cells. (H) smo cells arrest slightly later than wild-type cells. Arrows indicate the
boundary between smo and wild-type cells.mous; cells mutant for smo entered S phase at the nor- delayed Dl expression resulted in delayed N activation,
Figure 3. Notch Signaling Induces S Phase Entry
Clones of mutant cells lack either Ci155 or β-gal (magenta). The green channel shows (A and E) BrdU incorporation or (B–D, F) Cyclin B
protein. (A and B) Mad1-2 Su(H) ci cells, defective in response to Dpp, N, or Hh signals, delay G1 arrest and never enter S phase of the SMW.
(C) Mad1-2 ci mutant cells, which are able to respond to N signals, enter the SMW almost normally. (D) Su(H) ci mutant cells, which are able
to respond to Dpp signals, do not enter the SMW. (E and F) Su(H) mutant cells, which are able to respond to Dpp and Hh signals, do not
enter the SMW.Smoothened Can Affect the SMW Indirectly
through Dl and N
Previous work had drawn a different conclusion about
cell cycle reentry. Study of the Hh signaling component
smo implicated Hh in G1/S progression (Duman-Scheel
et al., 2002). In our hands, S phases and mitoses of the
SMW were delayed but not absent in smo mutant cells
(Figures 4B, 4D, and 4E). The delay was not cell autono-mal time if the cells immediately posterior were wild-
type (Figures 4C and 4D). Nonautonomy showed that
smo was not directly required for S phase entry, but
was probably required for synthesis of a distinct SMW
signal.
Since the SMW required N, it was plausible that smo
mutants affected a N ligand. Delta expression was de-
layed in smo mutant clones (Figure 4F). To test whether
Developmental Cell
544Figure 4. smo Mutations Affect the SMW Nonautonomously through N
Mutant clones are visualized by the absence of either Ci155 or β-gal (magenta).
(A) In the absence of ci, the SMW occurs normally (green, Cyclin B).
(B) Both S phase entry and subsequent mitosis are delayed in the center of smo clones. Differentiation is delayed (Dominguez, 1999) so that
no smo cells are differentiating during the SMW.
(C) The SMW occurs punctually in smo mutant cells next to wild-type cells. Arrows show Cyclin B accumulation in smo cells whose posterior
neighbors are wild-type. Nonautonomy is also visible in (B).
(D) BrdU incorporation is delayed in smo cells. Arrows indicate punctual S phases rescued at the clone boundaries.
(E) Mitosis in smo mutant cells is delayed compared to wild-type.
(F) Delta expression begins more posteriorly in smo mutant cells. The arrow indicates column 0 in the morphogenetic furrow.
(G) Expression of N target genes from the E(spl) complex is delayed in smo mutant cells. The arrow indicates rescue near wild-type cells.
(H) The SMW occurs normally in the absence of smo and ci.expression of N target genes from the Enhancer of split 1
a(E(spl)) complex was examined. Expression of these
E(spl) bHLH proteins was delayed in smo clones (Figure o
r4G). These studies showed that smo function is re-
quired cell autonomously for prompt expression of the e
nN ligand Dl, and thereby required indirectly and nonau-
tonomously for N-dependent entry into the SMW. t
cIt is the Ci75 protein that delays Dl in smo mutant
cells, via delayed expression of ato and of retinal differ- a
tentiation, both of which are already known to promote
Dl expression (Baker and Yu, 1998; Dominguez, 1999; E
Tsuda et al., 2002; Pappu et al., 2003; Fu and Baker,
2003). Both the SMW and Dl expression were com-
pletely normal in cells lacking ci or in smo ci cells (Fig- R
Eures 4A and 4H and data not shown), showing that smo
delays the SMW through a ci gene product. H
t
fEGFR Antagonizes N Signaling to Prevent Cell Cycle
Entry in R2–R5 Cells d
wN is normally active in R2–R5 cells, as well as in cells
that enter the SMW (Baker et al., 1996; Dokucu et al., c
a1996). R2–R5 cells are maintained in G1 by EGFR activ-
ity. R8 cells remain in G1 independently of EGFR (Baker M
iand Yu, 2001; Yang and Baker, 2003). If EGFR prevents
N activity from driving cell cycle entry, then we would s
texpect that S phase entry of cells defective in the EGFR
pathway would depend on N. To test this, we examined f
ccells mutant for Su(H) and Sos, an exchange factor
coupling EGFR activity to Ras activation that maps to l
tthe same chromosome arm as Su(H) (Simon et al.,991). Additional cells reentered the cell cycle in the
bsence of Sos (Figure 5A). Cell cycle entry was not
bserved in Sos Su(H) mutant cells (Figure 5B). Similar
esults were obtained with conditional alleles of N and
gfr. In egfrts at the restrictive temperature, cells that
ormally remain in G1 and differentiate instead reen-
ered the cell cycle (Figure 5C). These cells did not cy-
le in Nts or in Nts egfrts double mutants (Figures 5D
nd 5E). Together, these findings support the notion
hat S phase occurs in cells in which N is active but
GFR is not.
egulation Is Independent of Cyclin
Transcription
h, Dpp, and N signaling must have transcriptional
argets, because Mad, Ci, and Su(H) are transcription
actors (Barolo and Posakony, 2002). The Cyclin E gene
oes not appear to be the relevant target, however. In
ild-type, Cyclin E protein accumulates in a stripe of
ells near the SMW (Richardson et al., 1995). Cyclin E
ccumulation also occurred in Su(H) mutant cells or
ad1-2 Su(H) cimutant cells (Figures 5F and 5G), show-
ng that Cyclin E was not induced by N or by Hh or Dpp
ignals. If EGFR activity prevented Cyclin E expression,
hen we would expect Cyclin E protein to be absent
rom the arrested R2–R5 cells and present only in cy-
ling cells. Instead, we found that Cyclin E accumu-
ated most highly in the R2–R5 cells, whose arrest
herefore cannot be due to lack of Cyclin E (Figure 6A).
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545Figure 5. EGFR Prevents N-Induced S Phase
Mutant clones were identified by the absence of either Ci155 or
β-gal (magenta).
(A) More cells entered the SMW in Sos clones (green, Cyclin B).
(B) No SMW was observed in Sos Su(H) clones (green, Cyclin B).
(C–E) Temperature-sensitive genotypes were exposed to the re-
strictive temperature 7 hr before dissection. Green, BrdU incorpo-
ration; red, R8 cells (Senseless protein); blue, all neurons (ELAV
protein). The morphogenetic furrow progressed about three col-
umns at the restrictive temperature. (C) Only R8 cells differentiated
in egfrts; other cells entered the SMW (arrow). (D) Extra R8 and
other neurons differentiated in N ts; no SMW occurred (arrow). (E)
Extra R8 cells were specified in N trs egfrts. No SMW occurred
among the unspecified cells (yellow arrows).
(F and G) Cyclin E (green) accumulated in Su(H) cells or Mad1-2
Su(H) ci mutant clones. Mad1-2 Su(H) ci cells do not differentiate
(Fu and Baker, 2003).R2–R5 Cells Remain in G1 Independently
of Cyclin E Antagonists
The SMW might be regulated by antagonists of Cyclin
E function. The p21/27 homolog Dap was of interest
because of its expression pattern (de Nooij et al., 2000).
Dap protein levels rise posterior to the morphogenetic
furrow and accumulate in the same arrested cells as
Cyclin E (Figure 6B). Dap accumulated to lower levels
in clones mutant for the EGFR pathway transcription
factor, pointed (pnt) (Figure 6C). Dap accumulated
earlier than Cyclin E, consistent with Dap accumulation
in response to EGFR activity causing cell cycle with-
drawal (Figure 6B). Mutations of dap did not affect the
cell cycle of R2–R5 or of other eye disc cell cycles,
however (Figure 6D).
Precluster cells remained arrested in mutations af-
fecting three other pathways that antagonize Cyclin E
function, although these mutations affected cell cycles
of other retinal cells as described previously (Figures
6E–6I) (Justice et al., 1995; Xu et al., 1995; Du, 2000;
Moberg et al., 2001; Kango-Singh et al., 2002; Tapon et
al., 2002; Harvey et al., 2003; Pantalacci et al., 2003;
Wu et al., 2003). Cyclin E levels were elevated in rbf
mutant cells, as expected, since cycE is a transcrip-
tional target of E2F (Figure 6J) (Du and Dyson, 1999). Inaddition, rbf mutant cells contain Cyclin B protein dur-
ing G1 (Figure 6G). Together, the results showed that
R2–R5 cells arrest independently of any single Cyclin
E antagonist.
Rbf and Dap Withdraw Differentiating
Cells from the Cell Cycle
If cell cycle progression was inhibited by redundant
mechanisms, proliferation would continue when they
were mutated together. Consistent with this, precluster
cells continued cycling when mutated for both rbf and
dap simultaneously. In addition, no G1 arrest occurred
anterior to the morphogenetic furrow, all cells entered
the SMW, and cells continued to cycle more posteriorly
(Figures 7A and 7B).
Retinal differentiation continued in the dividing cells.
rbf dap mutant cells could express neural differentia-
tion markers such as Senseless, ELAV, Neuroglian, or
Chaoptin, even as they underwent S phase or mitosis
(Figures 7C–7G and data not shown). For example, al-
though each ommatidium was founded by a single R8
cell in column 0, rbf dap R8 cells incorporated BrdU
and underwent mitosis. By column 3, ommatidia con-
tained pairs of smaller R8 cells, consistent with R8 cell
division during the SMW (Figures 7D and 7E). The
nuclear antigens ELAV and Senseless appeared to be
distributed throughout dividing cells. This distribution
reflects mitotic cell structure, as also seen in cells divid-
ing due to forced Cyclin E expression (Figure 7H). Al-
though some effect of rbf and dap mutations on differ-
entiation cannot be ruled out, the results were
consistent with differentiation continuing independent
from the cell cycle.
Discussion
We have completed identification of the extracellular
signals that directly regulate patterned cell cycles in the
differentiating retina. These all correspond to signals
identified previously from their developmental roles.
There is no evidence for extracellular signals dedicated
to cell cycle regulation. Expression patterns of the rele-
vant signal proteins are well known from previous
studies of retinal differentiation, making it possible to
outline how all of the retinal cell division patterns occur
(Figure 8).
It was known already that the EGFR holds R2–R5
cells in G1 phase and promotes G2/M progression of
other cells during the SMW (Baker and Yu, 2001; Yang
and Baker, 2003). Earlier regulation is now found to de-
pend on longer-range signaling by the Hh, DPP, and N
signals already known to drive the progression of the
morphogenetic furrow. Our studies exclude other mod-
els that show that Hh, DPP, or N act indirectly by releas-
ing other, cell cycle-specific signals from differentiating
cells, or that patterned cell cycle withdrawal or reentry
occur independently of extracellular signals, such as by
synchronized growth. Instead, we find specific signals
to be necessary or sufficient for each aspect of cell
cycle patterning (Figure 8).
Developmental Cell
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(A) In wild-type, Cyclin E protein (magenta) peaks in G1-arrested
sprecluster cells that lack Cyclin B (e.g., arrow).
o(B) In wild-type, Dap protein (green) is elevated in the SMW in the
isame arrested cells that contain high levels of Cyclin E (magenta).
Dap precedes Cyclin E accumulation.
(C) Dap protein accumulation (green) is decreased in cells mutant l
for pnt. d
(D) Clones mutant for dap cycle normally and have G1-arrested
ipreclusters (arrow).
c(E) Clones mutant for ago have G1-arrested preclusters (arrow).
1Note the delayed arrest anterior to the furrow and cell cycle reentry
after the SMW (blue arrows). a
(F) Clones mutant for sav have G1-arrested preclusters (arrow). 2
Note the continued cycling after the SMW (blue arrows). e
(G) Clones mutant for rbf have G1-arrested preclusters (arrow). Mi-
(totic figures persist closer to the morphogenetic furrow than in
wild-type (blue arrows). Unlike wild-type, rbf mutant cells accumu-
late Cyclin B protein in G1. Cyclin B has an unusual cortical loca-
tion in rbf mutant cells. In wild-type, Cyclin B is cytoplasmic during
(interphase, entering the nucleus at the onset of mitosis.
c(H) Clones mutant for rbf incorporate BrdU (green) in the SMW like
eneighboring wild-type cells (arrow). Note the late S phases anterior
(to the furrow and the increased cell cycle reentry after the SMW
t(blue arrows) (Du, 2000).Figure 8). Later, ligands released from differentiating
I) Clones mutant for rbf divide in the SMW like nearby wild-type
ells (arrow). Note the late mitoses anterior to the furrow and the
xtra divisions after the SMW (blue arrows).
J) Cyclin E (green) is upregulated in rbf clones in the morphogene-
ic furrow and posteriorly, but not in the anterior eye.ell Cycle Synchronization
1 arrest ahead of the morphogenetic furrow depends
n posterior-to-anterior spread of Hh and Dpp (Figure
). Hh is secreted from differentiating cells, starting at
olumn 0 in the morphogenetic furrow (Ma et al., 1993;
enlali et al., 2000). Dpp is transcribed inw6 ommatid-
al columns in the morphogenetic furrow in response to
h (Masucci et al., 1990; Heberlein et al., 1993). Cells
ccumulate in G1 about 16–17 cell diameters anterior
o column 0, suggesting an effective range of w13–17
ells for Hh and Dpp (Figure 8).
The contribution of Dpp to this cell cycle arrest was
nown already, but that of Hh was not suspected (Hors-
ield et al., 1998). Both Dpp and Hh signaling can pro-
ote proliferation in other developmental contexts
Huang and Kunes, 1996; Rangarajan et al., 2001;
hang and Kalderon, 2001; Martin-Castellanos and Ed-
ar, 2002).
he Second Mitotic Wave
phase entry in the SMW depends on another signal,
. Expression of the N ligand Dl begins at the anterior
f the morphogenetic furrow (Baker and Yu, 1998). The
irst S phase cells are detected 6–8 cell diameters more
osteriorly, just behind column 0 (Baker and Yu, 2001).
he transmembrane protein Dl must act more locally or
ore slowly than the secreted Hh and Dpp proteins, to
xplain gaps between S phases (Figure 8).
Although N activity has been associated with growth
hrough indirect mechanisms involving the release of
ther secreted growth factors (Kenyon et al., 2003;
hao et al., 2004; Dominguez et al., 2004) and also reg-
lates endocycles (Deng et al., 2001; Lopez-Schier and
t. Johnston, 2001), this appears to be the first report of
specific role of N in G1/S in diploid Drosophila cells.
otably, deregulated N signaling contributes to at least
wo human cancers and is oncogenic in mice (Robbins
t al., 1992; Hsieh et al., 1996; Weng et al., 2004).
ell Cycle Withdrawal by R2–R5 Cells
t the same time that N promotes S phase entry in the
MW, EGFR activity ensures that R2–R5 cells remain in
1 (Figure 8). N is still required in the absence of EGFR,
o N activity is a positive signal and is not required
nly to counteract EGFR activity. Instead, EGFR activity
nterferes with S phase entry in response to N.
Ligands for the EGF receptor are thought to be re-
eased from R8 precursor cells, although EGFR-depen-
ent MAPK phosphorylation is detected one ommatid-
al column before the column, where R8 precursor cells
an be identified, which is in column 0 (Tio and Moses,
997; Kumar et al., 1998; Spencer et al., 1998; Chen
nd Chien, 1999; Lesokhin et al., 1999; Baonza et al.,
001). This means that EGFR activation begins after Dl
xpression but before S phase DNA synthesis starts
N, Dpp, and Hh Regulate Drosophila Eye Cell Cycles
547Figure 7. Rbf and Dap Maintain G1 Arrest in Differentiating Cells
(A–G) rbf dap double mutant cells identified by the absence of
β-gal (magenta).
(A and B) rbf dap cells in S phase and mitosis occur at all locations.
(C) rbf dap express neural-specific Neuroglian protein (green) even
during mitosis (arrow).
(D) rbf dap cells express the R8 neuron-specific Senseless protein
(magenta) even during S phase (arrows). Pairs of smaller R8 cells
appear by column 3 (yellow arrows).
(E) Phosphorylated Histone H3 (green) in mitotic R8 cells (magenta,
Senseless). Senseless protein spreads throughout the cell during
mitosis (white arrows). Pairs of smaller R8 cells appear by column
3 (yellow arrows).
(F) BrdU incorporation (green) by differentiating rbf dap cells ex-
pressing neuronal ELAV (magenta) (e.g., arrow).
(G) Mitotic rbf dap cells expressing neuronal ELAV protein (ma-
genta). ELAV spreads throughout the cells during mitosis (white
arrows).
(H) ELAV spreads throughout the cell during mitosis in response to
GMR > CycE.Figure 8. Cell Cycle Regulation by Extracellular Signals
Locations of cell cycle signals are shown superimposed on the eye
imaginal disc cell cycle pattern. The arrow points to ommatidial
column 1 within the morphogenetic furrow. The furrow is preceded
by a 15–20 hr gap between S phases (Wolff and Ready, 1991; T.
Wolff, personal communication). The G1 arrest depends on Hh and
Dpp secreted from the morphogenetic furrow. Cells reenter S
phase in the SMW in response to the N ligand Dl. This is prevented
in R2–R5 cells by EGF receptor activation by Spitz-class ligands.
Later, EGFR permits surrounding SMW cells to progress into M
phase (Baker and Yu, 2001). See Discussion for more details.precluster cells activate EGFR in surrounding cells to
permit SMW mitosis around columns 3–5 (Baker and
Yu, 2001).
Hh and Dpp together promote expression of Dl and
of EGFR ligands; in part, this occurs indirectly through
Atonal and the onset of differentiation (Baker and Yu,
1998; Dominguez, 1999; Greenwood and Struhl, 1999;
Baonza et al., 2001). EGF receptor activity also pro-
motes Dl expression (Tsuda et al., 2002).
Cell Cycle Arrest Mechanisms
At least three genetic mechanisms arrest distinct retinal
cells in G1 (Figure 8). Arrest ahead of the morphogene-
tic furrow depends on Dpp and Hh. During the SMW,
R2–R5 cells are held in G1 by EGFR, which counteracts
the SMW-promoting N activity. In addition, R8 cells,
which are defined by the proneural gene atonal, remain
in G1 independently of EGFR. After the SMW, all cells
remain in G1 indefinitely, independently of EGFR (Baker
and Yu, 2001). Although cell cycle withdrawal roughly
correlates with differentiation, many of the cells that ar-
rest after the SMW are still unspecified.
We found that loss of rbf and dap together overcame
all cell cycle blocks, even though cell differentiation
continued. This redundancy indicates that Cyclin E/
Cdk2 targets other than Rbf are needed for prolifera-
tion, consistent with many other studies (Duronio and
O’Farrell, 1995; Jackson et al., 1995; Resnitsky and
Reed, 1995; Duronio et al., 1996; Lukas et al., 1997;
Boxem and van den Heuvel, 2001). Dap may be regu-
lated by EGFR in R2–R5 cells (Figure 6C). If rbf regu-
lates the normal SMW, where Cyclin E expression
seems not to be limiting, then other E2F targets may
be involved (e.g., Asano and Wharton, 1999; Dimova et
al., 2003). Some cell cycle arrest can also be overridden
by forced expression of Cyclin E, E2F/DP, dRef, and
ORC1, or by mutation of the Cyclin A antagonist rux
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548O(Thomas et al., 1994, 1997; Richardson et al., 1995;
(Asano et al., 1996; Du et al., 1996; Asano and Wharton,
1999; Hirose et al., 2001; Jasper et al., 2002).
f
Our results show that mechanisms that assure both
short- and long-term arrest of retinal cells must operate
upstream of (or parallel to) Rbf and Cyclin E activities. A
They might resemble the barriers to transformation and
Wregeneration that exist in mammals.
R
iExperimental Procedures
P
SMosaic Induction
WClones of cells mutant for genes were obtained by the FLP-medi-
hated mitotic recombination technique (Golic, 1991; Xu and Rubin,
f1993). Homozygous mutant cells were identified through lack of
pCi155 antibody staining, or by the absence of transgene-encoded
Carm-β-gal (Vincent et al., 1994; Motzny and Holmgren, 1995).
fMutant clones were obtained in the following genotypes:
I
hsF; ago4 FRT80/[armLacZ] FRT80 (Moberg et al., 2001)
y w hsF; FRT40/[ci+ ] FRT40; ci94 (Slusarski et al., 1995; Methot R
and Basler, 1999) R
hsF; FRT42 dap4/FRT42 [armLacZ] (Lane et al., 2000) A
hsF; Mad1-2 FRT40/[armLacZ] FRT40 (Wiersdorff et al., 1996) P
hsF; Mad12 FRT40/[armLacZ] FRT40 (Raftery et al., 1995; Sekel-
sky et al., 1995) R
hsF; Mad12 FRT40/M21 [armLacZ] FRT40
hsF; FRT82 pntD88/FRT82 [armLacZ] (Scholz et al., 1993) A
w rbf14 FRT19/w [armLacZ] FRT19; hsF (Du and Dyson, 1999) c
hsF; FRT82 sav3/FRT82 [armLacZ] (Tapon et al., 2002), u
hsF; smo3 FRT40/[armLacZ] FRT40 (Chen and Struhl, 1998) 1
hsF; SosX122 FRT40/[armLacZ] FRT40 (Rogge et al., 1991) A
y hsF; Su(H)D47 FRT40 [w+ l(2)35Bg+]/[armLacZ] FRT40 (Morel a
and Schweisguth, 2000) 2
y w hsF; Mad1-2 FRT40/[ci+] FRT40; ci94
Ay w hsF; Mad12 FRT40/M [ci+] FRT40; ci94
pw rbf14 FRT19/w [armLacZ] FRT19; FRT42 dap4/FRT42 [arm-
dLacZ]; eyF/+ (the eyF transgene was provided by B. Dickson)
B(Newsome et al., 2000)
sy hsF; smo3 FRT40/[ci+] FRT40; ci94 (the [ci+] transgene was pro-
vided by R. Holmgren) B
y w hsF; Su(H)D47 FRT40 [w+ l(2)35Bg+]/[ci+] FRT40; ci94 g
hsF; SosX122 Su(H)D47 FRT40 [w+ l(2)35Bg+]/M21 [armLacZ] FRT40 B
y w hsF;Mad1-2 Su(H)D47 FRT40 [w+ l(2)35Bg+]/M21 [ci+] FRT40; ci94 g
yw hsF;Mad12 Su(H)47 FRT40 [w+ l(2)35Bg+] / M21 [ci+] FRT40; ci94 s
3
B
Temperature-Sensitive Studies o
Nts/Y; top18A/egfrtsla, Nts/+; top18AtEgfrtsla and Nts/Y larvae were d
reared at 18°C (Cagan and Ready, 1989; Kumar et al., 1998). Larvae
Bwere transferred to 31°C for 7 hr prior to dissection. BrdU incorpo-
eration was at 31°C for 30 min.
s
BOther Strains
tUAS Cyclin E (Richardson et al., 1995) and GMR:Gal4 (Freeman,
11996) were also used.
B
Antibody Labeling t
Labeling of eye discs was performed as described (Tomlinson and B
Ready, 1987; Gaul et al., 1992). B
Preparations were examined on the BioRad Radiance2000 con- t
focal microscope. Images were processed by using Adobe Pho- v
toshop 6.0 and NIH Image 1.62 software. Rabbit antibodies against
Bβ-galactosidase were obtained from Cappel. Mouse anti-β-galacto-
a
sidase (mAb40-1a), anti-Cyclin B (F2F4), anti-ELAV, and anti-Neuro-
H
glian (BP104) and rat anti-ELAV were obtained from the Develop-
Bmental Studies Hybridoma Bank. Anti-BrdU was obtained from
KBecton Dickinson. Anti-phospho-Histone3 was purchased from
CUpstate Laboratories. Other antibodies were obtained from their
developers: anti-Ci155 (mAb2A1) (Motzny and Holmgren, 1995); C
canti-Senseless (Nolo et al., 2000); anti-Dacapo (mAbNP1) (de Nooij
et al., 2000); anti-Cyclin E (Richardson et al., 1995) and gift of T. 1rr-Weaver; anti-Delta (mAb202) (Parks et al., 1995); anti-E(Spl)
mAb323) (Jennings et al., 1994).
BrdU labeling of the eye imaginal disc and detection were per-
ormed essentially as described (Negre et al., 2003).
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